Two genes encoding for late embryogenesis abundant proteins (LEAs) are expressed in encysted diapausing embryos (or resting eggs) of rotifers (Brachionus plicatilis O.F. Mü ller) and females forming them. The two genes (bpa-leaa and bpa-leab) share approximately 50% of their nucleotides sequence, and bpa-leaa is more than twofold longer than bpa-leab. The deduced amino acid sequences show high abundance of alanine, glycine, lysine, and glutamic acid; a hydropathy index of lower than one; and a relatively high (81-82%) predicted probability of forming alphahelices in their secondary structure, all of which are characteristic features of LEAs. The predicted molecular masses of bpa-LEAA (;67 kDa) and bpa-LEAB (;27 kDa) are similar to the molecular mass determined by Western-blot analyses, suggesting a low probability of posttranslational modifications. In silico analysis reveals that the two LEAs resemble group 3 LEAs based on the repeats for 11mer motifs, although they also display several putative amino acids typical of the 20mer motif of group 1 LEAs. The rotifer LEAs do not contain a predicted target sequence and are more likely localized in the cytosol. LEAs were expressed in resting eggs and females producing them, but not in other female forms or males. LEA transcripts and proteins are degraded during hatching, suggesting that LEAs are developmentally programmed during resting egg formation and hatching. LEAs probably equip the resting eggs to withstand desiccation if that occurs during dormancy. The present study expands our knowledge about the biological pathways associated with formation of rotifer resting eggs and also demonstrates the occurrence of LEAs in dormant, nondesiccated, encysted animal embryos.
INTRODUCTION
Late embryogenesis abundant (LEA) proteins were found to accumulate at high levels during the latter maturation stages of orthodox seeds in association with desiccation and disappear following hydration and germination [1] . They are also synthesized in vegetative tissues in response to drought, cold, and salt stresses, when the main damage caused to the living cells can be related to water deficit [2, 3] . Although they are almost ubiquitous in plants, especially in those forming orthodox seeds [4] [5] [6] , they also show widespread occurrence in prokaryotes and eukaryotes [7] [8] [9] in association with acquisition of desiccation tolerance and dormancy. They have been reported in bacteria, cyanobacteria, yeast, fungi, nematodes (Caenorhabditis elegans, Steinernema feltiae IS-6, and Aphelenchus avenae), Artemia fransciscana cysts, the Arctic springtail, several collembolan species, larvae of the chronomid insects, and bdelloid rotifers [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Interestingly, LEA proteins are often absent from recalcitrant seeds, showing a limited life span [6] . The LEA proteins may function in association with disaccharides, oligosaccharides, ions, and residual water in formation of the intracellular glassy matrix during seed desiccation. The high intracellular viscosity restricting molecular mobility explains the survival of cells in the desiccated state [4] . LEA proteins from nematodes were shown to prevent desiccation-sensitive enzymes from aggregation during drying [19] , and LEA proteins from bdelloid rotifers were found to maintain membrane integrity by association with phospholipid bilayers [17] .
Most LEA proteins are part of a more widespread group of proteins called hydrophilins, which are characterized by a hydropathy index of less than one, an absence or low abundance of cysteine and tryptophan residues, and a preponderance of glycine, alanine, glutamine, lysine/arginine, and threonine amino acid residues. They are considered to be intrinsically unstructured proteins, forming random coiled proteins in solution [7, 9, 14] . The cellular mechanism of action for LEA proteins has not yet been fully elucidated, but their unordered and flexible structure may allow them to act as molecular shields in preventing irreversible protein aggregation [19, 20] . LEA proteins were classified into at least seven groups (nine groups in Arabidopsis thaliana [21] ) based on amino acid sequence homology and specific motifs (for review, see [9] ) or on similarities of peptide composition rather than sequence similarities of proteins [10] . Based on the individual amino acid sequences and predicted protein structures, LEA proteins of each group were suggested to have different functions during water deficit in plants [22] . Most animal LEA proteins were found to belong to the group 3 LEA proteins [8] , with the exception of a recent report on group 1 LEA proteins in Artemia cysts [23] . Attempts to determine the specific function of LEA proteins by overexpression studies (in plants, see, e.g., [24] ) and silencing (in plants, see, e.g., [25] and in nematodes, see [26] ) did not yield clear results (for an overview, see [21] ), although in the case of the nematode, silencing of group 3 LEA proteins reduced, but did not abolish, the tolerance to desiccation and abiotic stress [26] .
In most organisms, dormancy, or the pause in metabolic activity, is associated with desiccation (for review, see [27] ). Similarities exist in desiccation-tolerant mechanisms among a range of organisms and tissue types. In orthodox plant seeds, tolerance to desiccation is a programmed phase of embryological development and is initiated by maternal factors rather than environmental signals [28] , and it is regulated by abscisic acid and other hormones [29, 30] . During maturation, seeds go through a series of declining water concentrations and acquire mechanisms to cope with osmotic adjustments by the accumulation of carbohydrates (e.g., sucrose or other oligosaccharides), the appearance of novel antioxidants to cope with potential production of reactive oxygen species, and the production of small heat shock proteins and LEA proteins [2] .
Encysted diapausing embryos or resting eggs of monogonont brachionid rotifers, including the euryhaline Brachionus plicatilis, are produced as a result of sexual reproduction. These resting eggs retain viability in a dormant form for several decades in the sediment of water bodies [31] , preserving the genetic composition and variability of the rotifer population [32] . Following specific cues [33, 34] , the resting eggs will hatch after an obligatory dormant period and populate the water body through asexual reproduction (for review, see [35] ). The resting eggs differ morphologically from the amictic or asexually reproducing eggs, and recent studies [36] have revealed three LEA expressed sequence tags (ESTs) among several transcripts that are associated with resting eggs and are common to a wide range of other organisms displaying dormancy. In bdelloid rotifers, LEA proteins, but not trehalose, are displayed in direct response to induced whole-body desiccation, indicating that desiccation takes place without trehalose [14] . Trehalose may also not have a specific function in B. plicatilis resting eggs [36] .
Here, we describe in more detail two new cDNA sequences of hydrophilins from the rotifer B. plicatilis, showing putative amino acid sequence similarity with group 3 LEA proteins and a hydropathy index lower than one, indicating a higher abundance of hydrophilic amino acids. The proteins are mainly found in females producing resting eggs and in resting eggs, and they disappear during hatching, which suggests a programmed expression during resting egg development and hatching. The survival of resting eggs raises the question about the role of LEA proteins in the long-term viability of nondesiccated, dormant, encysted embryos.
MATERIALS AND METHODS

Rotifer Samples
Rotifers were hatched from resting eggs produced in the laboratory using rotifers collected at a seaside pond in Atlit (40 km south of Haifa, Israel) in 1981. Some of the resting eggs were hatched in 2003, and resting eggs produced from them were stored in the laboratory at 48C and hatched in 2005. Resting eggs produced from this culture were stored at 258C in the dark for at least 8 wk. Three different cultures were originated from three different batches of resting eggs. The cultures were started at an initial density of five females per milliliter in glass culture flasks containing 500 ml of culture medium, consisting of natural heat sterilized seawater diluted with sterile distilled water to a salinity of 10 ppt. The rotifers were fed five cells of Nannochloropsis sp. per 10 rotifers per day. Algae were cultures as previously described [37] . Resting egg-producing females appeared after 4 days, and their abundance in the following few days reached 10-15% relative to the number of all females in a specific culture. The abundance of resting egg-producing females decreased after 10-14 days to less than 1%. Three biological replicates, from three different rotifer cultures, were collected and used for RNA extraction.
Collection of females. Samples of amictic females, male-producing mictic females, and resting egg-producing mictic females were manually picked from each culture when the resting-egg production rate was at its peak. Approximately 2000 individuals were collected from each of the three types of females and suspended in fresh sterile seawater (10 ppt). After collecting the appropriate number of females, they were sieved with a 60-lm plankton net, washed with sterile diluted seawater medium (10 ppt), and resuspended in 10-15 ml of sterile seawater (10 ppt) in a 15-ml, round-bottom, disposable vial. Ethanol was added to a final concentration 10%, the rotifers centrifuged briefly (2000 rpm for 1-2 min), and the pellet containing the rotifers was collected into a 1.5-ml Eppendorf tube. Following an additional brief centrifugation step (2000 rpm for 1 min), the top liquid layer was removed, and the pelleted rotifers were stored at À708C until used in the RNA extraction procedure. The washing and pelleting procedure lasted less than 10 min.
Collection of males. Males were collected from each culture by sequential sieving through plankton nets with sizes of 250, 120, 80, 60, and 40 lm and removing females from the cultures. Females that remained were picked and removed manually. The males were resuspended in sterile seawater (10 ppt) and sieved through a 20-lm plankton net, washed, and resuspended in 10-15 ml of sterile diluted seawater medium (10 ppt). Ethanol was added to a final concentration of 10%, the males were centrifuged briefly (2000 rpm for 1-2 min), and the pellet containing the males was collected into a 1.5-ml Eppendorf tube. Following an additional brief centrifugation step (2000 rpm for 1 min), the top liquid layer was removed. The final pellet was collected and frozen in liquid nitrogen and stored at À708C until used for RNA extraction. The washing and pelleting procedure lasted less than 10 min.
Collection of resting eggs. Resting eggs were collected from the bottom of the culture flasks. They were cleaned manually from amictic eggs and rotifers. RNA was extracted immediately from some of them (sample RE), and others were stored at 258C in the dark for 3 mo. Hatching was initiated by exposing the resting eggs to light at 258C, and samples were taken after 0 h (RE t ¼ 0), 15 h (RE t ¼ 15), and 30 h (RE t ¼ 30). The first rotifer hatched approximately 30 h after initiation of hatching. The hatching efficiency was 65.6% after 48 h (n ¼ 3). Hatching continued for approximately 48 h from the initial exposure to light. Approximately 5000 resting egg were used for each RNA extraction.
Collection of amictic eggs. The amictic eggs were collected by intensive up and down movement with a 10-ml pipette tip (''re-pipetting'') in 5-ml samples containing amictic females that were suspended in a small volume of seawater. In this way, the amictic eggs were shed from the females and could be collected from the bottom of the vial. They were manually cleaned from resting eggs and newborn females. Hatching of the amictic eggs was stopped by adding ethanol (10% final concentration), and the sample was frozen in liquid nitrogen. The eggs were stored at À708C until RNA extraction. Approximately 5000 eggs were used for each RNA extraction.
Obtaining the Full Length of lea-Like Transcripts
Transcripts with similarity to genes coding for LEA proteins were previously identified in EST libraries (for details, see [36] ). The full-length of lea-like cDNA sequences was obtained by the 5 0 -and 3 0 -rapid amplification of cDNA ends (RACE) sequencing approach using the SMART RACE cDNA Amplification Kit and Advantage 2 Polymerase Mix (Clontech Laboratories, Inc.) according to the manufacturer's instructions. The list of gene-specific primers used for RACE is shown in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). PCR products were cloned into pGEM-T Easy Vector System (Promega) and were sequenced (Hy Laboratories Ltd.) in the forward and reverse directions.
RNA Extraction, cDNA Synthesis, and Real-Time RT-PCR RNA was extracted with the TRI reagent (Sigma) following the manufacturer's instructions. RNA was treated with DNase to eliminate genomic DNA (TURBO DNA-free; Ambion), and cDNA was prepared from 1 lg of total RNA using Verso cDNA Kit (Thermo) with a mix of random primers and anchored oligo-dT primer. Real-time RT-PCR experiments were conducted with a PCR mixture consisting of 1 ll of a cDNA sample, 70 nM of each primer, and 12.5 ll of SYBR Green master mix (ABgene) in a final volume of 25 ll. Amplification was preformed with biological triplicate samples using a GenAmp 5700 thermocycler (PE Applied Biosystems) according to the manufacturer's protocol, and the results were analyzed with REST-384 Version 2 [38] . It was very difficult to find one gene that could serve as a reference for all samples, because ATP synthase (bpa-atps) changed between amictic eggs and resting eggs and elongation factor 1 alfa (bpa-ef1a) changed between females and males. Therefore, the relative abundance of bpaleaa or bpa-leab was normalized to that of bpa-ef1a in the comparison made with the egg samples, but bpa-atps was used for comparisons made between females and male samples. The relative abundance of bpa-leaa and bpa-leab transcripts (list of primers is shown in Supplemental Table S2 ) were normalized using the equation ratio ¼ (E target )
CP_target /(E ef1a ) CP_reference , where E ¼ 10 À1/slope , as described above [38] . The median was calculated for all transcript ratios, and the transcript ratios were displayed as the log 2 [ftranscript ratio of a sampleg/fmedian of transcript ratios of all samplesg] (see Fig. 8 ).
Northern Blot Analyses
Ten micrograms of RNA were denatured at 658C for 15 min with a solution consisting of 0.02 M 3-(N-Morpholino) propanesulfonic acid (MOPS; Sigma) in 5 mM sodium acetate, 1 mM ethylenediaminetetra-acetic acid (EDTA), 1.9
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M formaldehyde, and 8.7 M formamide. Ethidium bromide was added to each sample to a final concentration of 0.018%. RNA samples were run in parallel to an ssRNA marker (New England Biolabs) on a 1.4% formamide agarose gel containing 0.02 M MOPS, 5 mM sodium acetate, 1 mM EDTA, and 0.37 M formaldehyde. RNA was blotted onto Hybond N þ nylon membranes (Amersham Pharmacia Biotech) and cross-linked with Stratalinker 1800 Bulbs (Stratagene). Membranes were prehybridized for 5 min at 658C in a solution containing 5 M Na 2 HPO 4 (pH 7.2), 1 mM EDTA, and 7% SDS. For detection of leaa and leab transcripts, 205-and 208-bp cDNA fragments, respectively, were labeled with [ 32 P]a-dCTP using NRBlot labeling kit (New England Biolabs). Hybridization was performed at 658C for 16 h in the same solution containing the cDNA radiolabeled probes. After hybridization, the membranes were washed with standard saline citrate solution 23 SSC (13 SSC: 0.15 M NaCl and 15 mM sodium citrate, pH 7.0) at room temperature for 5 min, followed by washing with 23 SSC with 1% SDS for 30 min at 608C. This was followed by washing with 0.53 SSC with 0.1% SDS at room temperature and subsequently with the same solution at 658C for 20 min. Membranes were exposed to Kodak BioMax Light Film at À808C for 24 h. The 18S rRNA band was visualized by ultraviolet light, directly from the gel.
Protein Extraction, Gel Electrophoresis, and Western Blot Analyses
Proteins were extracted from the same samples that were used for RNA extraction, using the TRI reagent (Sigma), according to the manufacturer's instructions. Samples were subjected to PAGE according to the procedure described by Laemmli [39] using a mini PROTEAN II apparatus (Bio-Rad). Samples were diluted in 10 ll of sample buffer and boiled for 5 min before loading on a 12% SDS-PAGE, and 10 lg were run of samples in each lane. For Western blot analyses, proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad), and the protein profile was visualized with Ponceau S (Sigma) staining. Nonspecific binding sites were blocked with 3% nonfat milk in TBS (20 mM Tris-HCl and 150 mM NaCl, pH 7.5). For detection of bpa-LEAA, the membrane was incubated with LEAA antiserum (1:2000 dilution) for 2 h at room temperature, washed three times with TBS containing 0.05% Tween (TBST), and subsequently incubated with horseradish peroxidase conjugated to goat anti-rabbit IgG (1:20 000 dilution in TBST containing 10% low-fat milk). After 1 h of incubation, the membrane was washed three times with TBST, and the immunoreactive bands were visualized by an enhanced chemiluminesence detection system (Amersham Pharmacia Biotech). The membrane was exposed to Kodak BioMax Light Film for 1-5 min. After stripping, the same membrane was used for hybidrization with bpa-LEAB antiserum.
Preparation of Polyclonal Antisera
Two polyclonal antisera were prepared by Genemed Synthesis, Inc., against two rotifer putative LEA peptides. One antiserum was prepared against the synthetic peptide with the sequence ERKVTEKTVEEYPKQTRS (named bpa-LEAA antiserum), and the second antiserum was prepared against the peptide sequence GEYMESAKESGQAAREKAC (named bpa-LEAB antiserum). It was expected that bpa-LEAA antiserum would be more specific to bpa-LEAA protein, because only seven of the peptide's amino acids were displayed (shown in bold: VVGPSESKIEEQQKQTRA) in the putative bpa-LEAB sequence. On the other hand, the peptide chosen for generating the bpa-LEAB antiserum showed 14 identical amino acids (shown in bold: GEYVEGA KETGQAAREKIG) in the putative amino acid sequence of bpa-LEAA and, therefore, was expected to react with the two proteins in Western blot analyses. Northern blot analyses revealing bpa-leaa and bpa-leab transcripts in rotifer resting eggs. Each probe was tested with two samples: 1) A sample from a mixed stage culture, containing amictic eggs, maleproducing mictic females, resting egg-producing mictic females, and males; and 2) resting eggs. The 18S rRNA band was visualized by ethidium bromide staining and followed by exposure to ultraviolet light. Table S3 ). Black highlighting indicates identity in the amino acids, and gray highlighting indicates similarity of the amino acids. 
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Identification of LEA Proteins by Proteome Analyses
Two 30-lg protein samples were run on two lanes in parallel with two lanes containing molecular weight protein markers (described above) in 12% PAGE. Two lanes consisting of a molecular marker lane and the lane with the protein sample were cut and blotted onto a PVDF membrane for Western blot analyses using the bpa-LEAB antiserum, and two lanes consisting of the molecular marker lane and the lane with the protein sample were stained with Coomassie brilliant blue. The protein bands from the Coomassie-stained gels, corresponding in position to the two immunoreactive protein bands, were cut and subjected to proteome analysis at the Smoler Proteomics Center, Technion, Israel. Briefly, the gel bands were digested with trypsin, analyzed by liquid chromatography/tandem mass spectrometry on an LTQ-Orbitrap (Thermo Fisher), and identified by Pep-Miner [40] and Sequest [41] software against the rotifer EST database and cDNA sequences [36] (shown in Fig. 1) . A peptide was considered to be of high quality if its Pep-Miner identification score was greater than 80 and the Sequest Xcore was 1.5 for singly charged peptides, 2.5 for doubly charged peptides, and 3 for triply charged peptides.
Data Analyses
Matches for the rotifer sequences were found using BLASTX [42] against the National Center for Biotechnology Information (NCBI) nonredundant protein database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Translation to amino acid sequences was done with EMBOSS program TRANSEQ [43] using the open-reading frame (ORF) that has a significant match in BLASTX. Multiple sequence alignments of the deduced amino acid sequences of the rotifer lea-like genes and of the best-match proteins were obtained by CLUSTALW [44] and shown using BOXSHADE (http://www.ch.embnet.org/software/BOX_form. html). Phylogenetic trees of the rotifer LEA-like proteins, canonical plant LEA proteins, and metazoan LEA proteins were drawn using MEGA [45] . Secondary structure was obtained using the EMBOSS program by Garnier et al. [46] and the Web-based program SOPMA [47] (http://npsa-pbil.ibcp.fr/ cgi-bin/npsa_automat.pl). The EMBOSS program PEPINFO was used to retrieve the hydrophilicity and the percentage of charged, tiny, small, aliphatic, and aromatic residues. Kyte-Doolitle hydropathy graphs were drawn using EMBOSS PEPWINDOW. LEA motifs were searched using BLASTP. Alignment of the 11mer motif to the repeated sequences was done with CLUSTALW and shown with BOXSHADE. The amino acid composition of each sequence was calculated with COMPSEQ of the EMBOSS suit. COMPSEQ was also used to retrieve the abundance dimers and trimers for comparison to the POPP profiles of LEA proteins that were described by Wise and Tunnacliffe [10] . Signal peptide identification was done using SignalP 3.0 [48] ((http://www.cbs.dtu.dk/services/SignalP/). Identification of N-glycosylation, O-glycosylation, and C-glycosylation sites was performed using NetNGlyc 1.0 [49] , NetOGlyc 3.1 [50] , and NetCGlyc 1.0 [49] , respectively (see http://www.cbs.dtu.dk/services/NetNGlyc/, http://www.cbs.dtu.dk/ services/NetOGlyc/, and http://www.cbs.dtu.dk/services/NetCGlyc/, respectively). LEA intracellular localization prediction was done using TargetP 1.1 [48] (http://www.cbs.dtu.dk/services/TargetP/) and MitoProt II [51] (http:// ihg2.helmholtz-muenchen.de/ihg/mitoprot.html). The similarity between the lea-like sequences was assessed using global and local pairwise alignments (NEEDLE and WATER programs of the EMBOSS suit).
RESULTS
Characterization of B. plicatilis Transcripts Coding for LEA Proteins
Three putative transcripts were initially identified in EST libraries with similarity to transcripts coding for LEA proteins [36] and were designated as bpa-lea-1, bpa-lea-2, and bpa-lea-3, where bpa stands for Brachionus plicatilis Atlit. Further analysis by 5 0 -RACE (global pairwise alignment EMBOSS NEEDLE) revealed that bpa-lea-1 and bpa-lea-3 were two parts of the same ORF, and full amplification revealed only two transcripts, designated here as bpa-leaa and bpa-leab (corresponding with bpa-lea-1 and bpa-lea-2, respectively) (Fig. 1, A and B, respectively) . The sequence of bpa-leaa shows an ORF of 1842 nucleotides (nt), whereas the ORF for bpa-leab consists of 744 nt, corresponding with calculated transcript sizes of 2056 and 1000 nt, respectively, from Northern blot analysis ( Fig. 2 and Table 1 ) [52] . These sequences code for putative proteins consist of 613 and 248 amino acids of bpa-leaa and bpa-leab, respectively, and correspond with a predicted molecular mass (M r ) of 66.75 and 26.66 kDa, respectively. The amino acid content for glutamic acid, alanine, lysine, glycine, threonine, and arginine of the putative bpa-LEAA was similar to that for bpa-LEAB, although the content for glutamine and methionine differed between the two putative proteins (Table 1) . A similarity in the average hydropathy index (À1.22 vs. À1.17, respectively) ( Table 1 and Fig. 3 ) was displayed in the deduced amino acid sequences of bpa-LEAA and bpa-LEAB, respectively, and a relatively high probability of forming a-helices in their secondary structure was found. Glycosylation sites could not be located for N-or C-glycosylations, but putative Oglycosylation sites (G score . 0.5) were identified on amino acid residues 2, 5, 562, 565, and 611 for bpa-LEAA and on amino acid residue 246 for bpa-LEAB. In addition, a sequence coding for a signal peptide could not be located on the sequences corresponding to the two LEA proteins.
FIG. 7.
Comparisons of B. plicatilis peptide profile to consensus POPP (Protein or Oligonuclotide Probability Profile) of LEA major groups. Consensus of LEA protein was taken from Wise and Tunnacliffe [10] . The minus sign (À) before a peptide indicates absence of the peptide. The profiles were compared with the profile obtained for rotifer LEA proteins (using EMBOSS COMPSEQ program for monomers, dimers, and trimers). Light gray highlighted patterns were found in both rotifer LEA proteins, dark gray highlighted patterns were found exclusively in bpa-LEAA, and black highlighted patterns were found exclusively in bpa-LEAB. Patterns that are not highlighted were not found in rotifer LEA proteins. The consensus POPP of group 3a best fits both B. plicatilis LEA proteins.
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A search by BLASTX for both transcripts against the NCBI nonredundant protein database revealed that the best hit for bpa-leaa was a LEA protein of the nematode Caenorhabditis briggsae (NCBI accession no. CAP25449; score, 165; E value, 1e-38), matching LEA proteins of C. elegans (NCBI accession no. NP_001024042; score, 165; E value, 1e-38) and a group 3 plant (Phaseolus vulgaris) LEA protein (NCBI accession no. ABA26579; score, 142; E value, 9e-32). For bpa-leab, the best hit was a LEA domain containing protein of Arabidopsis thaliana (NCBI accession no. NP_851129; score, 96.3; E value, 6e-18) and matches for Pisum sativum (CAF32327, score 94, E-value 3e-17), Triticum aestivum (CAA40204, score 90.5, E-value 3e-16), and Brassica napus (ACJ39155, score 72, E-value 1e-10). Insignificant matches were found when the deduced amino acid sequences were run against the HMM database of Pfam (http://pfam.sanger.ac.uk/search). A comparison between bpa-leaa and bpa-leab with the best-matching sequences is shown in Figure 4 . Phylogenetic analyses comparing rotifer LEA proteins with the LEA sequences from , male-producing mictic females (FM), males, and resting egg-producing mictic females (FRE); and (B) amictic eggs (AE), resting eggs (RE), and resting eggs after 0, 15, and 30 h of hatching (RE t ¼ 0, RE t ¼ 15, and RE t ¼ 30). The relative abundance of bpa-leaa and bpa-leab transcripts were normalized using the equation ratio ¼ (E target ) CP_target /(E ef1a ) CP_reference , where E ¼ 10 À1/slope , according to the method described by Pfaffl et al. [38] . The median was calculated for all transcript ratios, and the transcript ratios are displayed as the log 2 [ftranscript ratio of a sampleg/fmedian of transcript ratios of all samplesg]. Transcript ratios higher than the median are positive and ratios lower than the median are negative.
FIG. 9. Protein profiles (A) and Western blot analysis (B)
showing the cross-reactivity of sample homgenates from resting eggs (RE), mictic females carrying resting eggs (FRE), amictic eggs (AE), females carrying amictic eggs (FA), mictic females carrying male eggs (FM), and males (M) with an antiserum prepared against bp-LEAA. Two main proteins corresponding with bpa-LEAA (67.6 kDa) and bpa-LEAB (26.4 kDa) were found to cross-react with the antiserum. Proteins were separated by 12% SDS-PAGE, transferred to a nitrocelloluse membrane, and stained with Ponceau S in A.
FIG. 10. Protein profiles (A) and Western blot analysis (B)
showing the cross-reactivity of sample homgenates from rotifer resting eggs and resting eggs 15 and 30 h after initiation of hatching with an antiserum prepared against pba-LEAA. Two main proteins corresponding with bpa-LEAA (67.6 kDa) and bpa-LEAB (26.4 kDa) were found to cross-react with the antiserum. Proteins were separated by 12% SDS-PAGE, transeferred to a nitrocellulose membrane, and stained with Ponceau S in A.
other organisms suggests that Brachionus plicatilis LEA proteins probably fit into group 3 LEA proteins. Although several branches show low bootstrap values, the same general pattern was obtained using three different methods: maximum parimony phylogenetic tree (Fig. 5) [53] , neighbor-joining phylogenetic tree (Supplemental Fig. S1A ), and unweighted pair group method with arithmetic mean phylogenetic tree (Supplemental Fig. S1B) .
To designate the deduced amino acid sequences for bpa-leaa and bpa-leab to the LEA major protein groups, the following search for motifs characteristic of LEA domains was performed using BLASTP: for group 1, the 20mer domain GGQTRREQL-GEEGYSQMGRK; for group 2, the Y-domain DEYGNP and K-domain EEKK; and for group 3, the 11mer domain TAQAAKEKAGE. The putative proteins show seven tandem repeats for the 20mer domain of group 1 for bpa-LEAA and four repeats for bpa-LEAB, but the similarity between the 20mer domains to the target site was less than 50% (Supplemental Table S3A ). No matches were found for the group 2 Y domain and K domain. Sixteen targets were found for the 11mer motif of group 3 LEA proteins for bpa-LEAA, with identities ranging from 55% to 73%, and nine targets in bpa-LEAB, with identities in the range from 55% to 82% (Fig. 6 and Supplemental Table  S3B ). Comparison of peptide composition (monomers, dimers, and trimers) of the B. plicatilis LEA proteins with the consensus POPP (Protein or Oligonucleotide Probability Profile) of LEA major groups [10] shows that their profile is most similar to the group 3a consensus POPP (Fig. 7) .
Expression Studies of bpa-leaa and bpa-leab and Their Corresponding Putative Proteins
Real-time RT-PCR showed relatively low expression levels of bpa-leaa and bpa-leab transcripts in amictic females, mictic females carrying male eggs, or males but relatively high expression levels in females carrying resting eggs (Fig. 8A) . Expression of these transcripts was relatively high in resting eggs and low in amictic eggs, but the level of expression was reduced after the onset of hatching (Fig. 8B ). Western blot analyses revealed similar results for the occurrence of the corresponding proteins, with immunoreactive protein bands in females carrying resting eggs and resting eggs (Fig. 9 ) and reduced relative abundance during hatching (Fig. 10) . In summary, the rotifer LEA proteins were identified in mictic females producing resting eggs and in resting eggs but not in asexually reproducing females, asexually produced eggs, mictic females carrying male eggs, and males (Fig. 9A) . The antiserum generated against bpa-LEAB synthetic peptide crossreacted with two protein bands with a calculated molecular mass of 67.6 and 26.4 kDa, putatively corresponding with bpa-LEAA and bpa-LEAB, respectively. A similar result was obtained with the antiserum generated against bpa-LEAA (results not shown).
Direct amino acid sequencing revealed that the band corresponding with an M r of approximately 67.6 kDa showed 66% identity with the deduced amino acid sequence of bpa-LEAA (Fig. 1A) , whereas the approximately 26.4-kDa protein band showed 83% identity with the deduced amino acid sequence of bpa-LEAB (Fig. 1B) . Some overlap in the amino acid sequences between the two proteins is expected from their deduced sequences, because 50.9% identity is found between the two sequences (local pairwise alignment using EMBOSS WATER, data not shown). The results also suggest the occurrence of more than one protein in each of the Coomassie blue-stained bands that were used for proteome analyses.
DISCUSSION
The expression of LEA proteins is associated with the occurrence of desiccation in several animals, but the rotifer resting eggs used in the present study were not desiccated. In plants, as mentioned earlier, LEA proteins were expressed during desiccation in seeds and in vegetative tissues during water deficit and exposure to salt and cold stresses [2, 3] . The water content of resting eggs was reported in the range of approximately 70% [54] , and in the natural environment, they occur in sediments of the littoral zone or saline ponds [31, 55, 56] . Rotifer resting eggs, however, retain their viability after desiccation and lyophilization [57] , when their water content changes to as low as approximately 7% [54] . It therefore seems that whereas rotifer resting eggs do not necessarily desiccate in nature, the occurrence of LEA proteins reported here suggests that these eggs are equipped to do so, explaining their survival in temporal pools during dry seasons. The rotifer resting eggs, then, display a separation between the onsets of developmentally programmed dormancy with low metabolic activity and desiccation. In principle, such a separation is also shown by the metabolically inactive (but not desiccated) diapausing dauer stage of C. elegans [58] , in which dauer formation is a direct response to an environmental signal and is regulated by neuroendocrine signaling. The LEA proteins were synthesized during dauer formation. In plant seeds, arrested development of the embryo is temporally separated from the onset of desiccation [29] .
In silico analysis revealed that the two B. plicatilis proteins show an apparent higher resemblance to group 3 LEA proteins than to group 1 LEA proteins (Figs. 4 and 6 and Supplemental Table S3 ). The putative amino acid sequence of bpa-LEAA and bpa-LEAB show 16 and 9 identical matches, respectively, with repeats of the 11mer motifs typical of group 3 LEA proteins and display 55-82% identical amino acid residues. Comparison with the 20mer domain motif of group 1 showed only seven and four matches for bpa-LEAA and bpa-LEAB, respectively, with 25-35% identical amino acid residues. A similar conclusion is drawn from comparison of the peptide profile to consensus POPP of LEA major peptides (Fig. 7) . Most LEA proteins from animal species show resemblance to group 3 LEA proteins, except for one LEA protein of group 1 reported recently in Artemia cysts [23] . Phylogenetic analyses of plant and animal LEA proteins also indicate that the rotifer-predicted LEA proteins are closest to group 3, but several branches show low bootstrap values even though the same general pattern was obtained by three different methods of analyses. Taken together, these results lead to the conclusion that the rotifer hydrophilin proteins are most similar to group 3 LEA proteins, although they display some putative amino acids also found in the 20mer motif of group 1 LEA proteins.
The predicted molecular mass from the deduced amino acid sequence of bpa-LEAA (;67 kDa) and bpa-LEAB (;27 kDa) are very similar to the molecular mass identified by Western blot analysis, suggesting a low probability of posttranslational modification, such as glycosylation. This conclusion was also supported by an in silico search for N-and O-glycosylation sites mentioned before. Whereas most LEA proteins were found to consist of relatively low-molecular-weight proteins (;20-30 kDa [21] ), several group 3 LEA proteins show higher molecular mass, including LEA proteins from C. elegans (;77 kDa [8] ), that do not fully desiccate during dormancy. The rotifer LEA proteins apparently lack a signal peptide [59] , and a search of the database revealed that this trait is common with other animal forms of LEA proteins, such as those of C. briggsae (UniProt database [http://www.uniprot.org] UniProt 722 accession no. A8WYJ1), A. fransciscana (UniProt accession no. B1PM76), C. elegans (UniProt accession no. O16527), A. avenae (UniProt accession no. Q95V77), and Brugia malayi (UniProt accession no. A8NGM2), and may indicate their intracellular distribution. They also lack a putative variant endoplasmic reticulum ATEL retention signal at the Cterminus that was identified in bdelloid LEA proteins [17] . From a bioinformatics search using the TargetP program (see Materials and Methods), rotifer LEA proteins probably are also not directed toward the mitochondria, in contrast to an LEA protein identified recently with this function in Artemia cysts [60] . LEA proteins may be found in all cell compartments, including the endoplasmic reticulum, plasma membrane, nucleus, and peroxisome (for review, see [8, 21] ).
An important role was assigned recently for LEA proteins in intracellular glass formation during desiccation [4] . The longterm survival in the dormant stage of plant seeds has been attributed to their desiccated state [4] . During desiccation, a marked increase in cytoplasmic viscosity occurs leading to glass formation when water concentrations are below approximately 0.3 g/g [61] , resulting in supersaturation of the intracellular solutions, increased intermolecular cohesive forces, and restricted mobility within the cytomatrix. This glassy state may explain not only the basis of seed survival in the desiccated state but possibly also the survival of desiccated nematodes, rotifers, or resting eggs. Earlier studies implicated mainly sugars in the formation of the glassy state, but more recent results suggest that proteins, especially LEA proteins, play a dominant role in its formation in addition to other cellular components [4] . The relatively low level of trehalose in B. plicatilis resting eggs [62] suggests a more significant role for LEA proteins during resting egg desiccation, as indicated from studies of group 3 LEA proteins of the nematode A. avenae. It was suggested that LEA proteins change their conformation from an unordered, random coil conformation in solution to a largely a-helical conformation upon dehydration, forming coils similar in morphology to cytoskeleton intermediate filaments that impose strength and resilience [10, 19] . Interestingly, in contrast to orthodox plant seeds, recalcitrant seeds are characterized by postharvest life spans on the order of days to months or, for some temperate species, perhaps a year or two, and their shorter survival is also attributed to the absence of hydrophilins in these seeds [6] .
As resting eggs are formed within the vitellarium of the mother, it is difficult to ascertain the exact starting point of mRNA expression or synthesis of LEA proteins, but it can be speculated that they are formed after fertilization and are developmentally programmed in a manner similar to LEA proteins in orthodox plant seeds [4] . The occurrence of mRNA and of the LEA proteins during the dormant period is puzzling but suggests a function during dormancy or exit from dormancy. A similar conclusion was reached recently after extensive transcriptome and proteome profiling of dry plant seeds [29, 61, [63] [64] [65] , which several transcripts serve specific functions during germination. An alternative explanation was offered for some seeds, because residual water is not uniformly distributed in the ''dry'' seed tissues, indicating that some areas (hydrated pockets within cells) may contain sufficient water to support gene expression [66, 67] . A similar phenomenon may occur in the rotifer resting eggs, because they are not fully desiccated. The lea transcripts and LEA proteins in rotifer resting eggs seem to undergo degradation during hatching, as shown by the real-time RT-PCR and Western blot analyses (Figs. 8B and 10B, respectively) . Down-regulation of embryonic genes within a short period of water imbibitions during germination, including genes coding for LEA proteins, was reported in plant seeds [63] .
The mode of regulation of LEA proteins has gained attention recently in Arabidopsis thaliana [21] , in which most genes encoding LEA proteins were found to have abscisic acid response elements in their promoters and many genes containing the respective promoter elements were induced by abscisic acid, a plant hormone [2] . Similar studies in animal species would be an interesting future line of research and could contribute to ascertaining the role of LEA proteins in the long term-survival of dormant animals and rotifer resting eggs. Revealing the basis of regulation could also play an important role in developing methods for cell, gamete, or embryo preservation at ambient temperatures.
